Objective: Abnormal autonomic nerve activity is a strong prognostic marker for ventricular arrhythmias but the mechanisms underlying the autonomic modulation of ventricular fibrillation (VF) initiation are poorly understood. We examined the effects of direct sympathetic (SS) and vagus (VS) nerve stimulation on electrical restitution, alternans and VF threshold (VFT) in a novel isolated rabbit heart preparation with intact dual autonomic innervation. Methods: Monophasic Action Potentials (MAPs) were recorded from a left ventricular epicardial site on innervated, isolated rabbit hearts (n = 16). Standard restitution, effective refractory period (ERP), electrical alternans and VFT were measured at baseline and during SS and VS separately. Results: The restitution curve was shifted downwards and made steeper with SS whilst VS caused an upward shift and a flattening of the curve. The maximum slope of restitution was increased from 1.30 ± 0.10 at baseline to 1.86 ± 0.17 (by 45 ± 12%, P < 0.01) with SS and decreased to 0.69 ± 0.10 (by 51 ± 6%, P < 0.001) with VS. ERP was decreased from 127.3 ± 2.5 ms to 111.8 ± 1.8 ms with SS (by 12 ± 2%, P < 0.001) and increased to 144.0 ± 2.2 ms with VS (by 13 ± 2%, P < 0.001). VFT was decreased from 4.7 ± 0.6 mA to 1.9 ± 0.5 mA with SS (by 64 ± 5%, P < 0.001) and increased to 8.7 ± 1.1 mA with VS (by 89 ± 14%, P < 0.0005). There was a significant inverse relationship between the maximum slope of restitution and VFT (r = −0.63, P < 0.0001). When compared with baseline, SS caused electrical alternans at longer pacing cycle lengths (139.0 ± 8.4 vs. 123.0 ± 7.8 ms, P < 0.01) with greater degree of alternans (32.5 ± 9.9 vs. 15.4 ± 3.2%, P < 0.05). It also caused a wider range of cycle lengths where alternans occurred (53.0 ± 6.2 vs. 41.0 ± 7.0 ms, P < 0.05) whilst vagus nerve stimulation shortened this range (33.0 ± 7.3 ms, P < 0.001). Conclusions: Sympathetic stimulation increased maximum slope of restitution and electrical alternans but decreased ERP and VF threshold whilst vagus nerve stimulation had opposite effects. The interaction between action potential duration and beat-to-beat interval may play an important role in the autonomic modulation of VF initiation.
Introduction
Abnormal autonomic activity has been shown to be a strong prognostic factor in many cardiac patients especially in those with heart failure [1] or with previous myocardial infarctions [2] . There is strong evidence that the relationship between impaired cardiac autonomic control and mortality is the result of an increased susceptibility to lethal ventricular arrhythmias [3] . The mechanisms underlying the association between autonomic nervous system activity and ventricular arrhythmia initiation are poorly understood.
Historical work by Einbrodt with the inductorium suggests that vagus nerve stimulation may reduce the Cardiovascular Research 73 (2007) 750 -760 www.elsevier.com/locate/cardiores inducibility of ventricular fibrillation (VF) [4] . Recent clinical studies have shown that beta-blockers can reduce sudden death mortality in patients with heart failure [5] . These data suggest that activity of the autonomic nervous system is intimately associated with ventricular arrhythmogenesis with its disturbance leading to sudden arrhythmic death and, perhaps more importantly, that its manipulation may prevent such fatal arrhythmias. It is believed that the onset of VF is associated with breakup of spiral waves or rotors into multiple wavelets and oscillations (reviewed in [6] ). The "restitution hypothesis" states that oscillations are facilitated when the slope of the action potential duration (APD) restitution curve is greater than 1 [7] . In addition, there is recent evidence that drugs that reduce the slope of the restitution curve prevent the induction of VF [8] , thus supporting the notion that electrical restitution may be a key determinant in the initiation of VF.
We have developed an isolated rabbit heart preparation with intact dual autonomic innervation [9] which allows the study of the effects of direct sympathetic and vagal stimulation on whole heart physiology in vitro without the interference from haemodynamic reflexes or humoral factors that occur in vivo. In this study, we applied this preparation to examine the ventricular electrophysiological effects of direct autonomic stimulation, especially investigating the effects on electrical restitution and correlating these changes with the effects of autonomic stimulation on VF initiation. The effects of autonomic stimulation on electrical alternans were also examined.
Methods

Isolated rabbit heart preparation with intact dual autonomic innervation
The isolated heart preparation with intact autonomic innervation has been described previously [9] . In brief, adult male New Zealand White rabbits (2.0-2.6 kg, n = 16) were premedicated with Hypnorm (Janssen Pharmaceuticals Ltd, Oxford, UK; 0.1 mg kg − 1 s.c.). General anaesthesia was induced with i.v. Hypnoval (Roche Products Ltd, Welwyn Garden City, UK; 1 mg kg − 1 ) and maintained with pentobarbitone sodium (Sagital, Rhône Mérieux, Harlow, UK; 2 mg every 5 min i.v.). The rabbit was ventilated, after tracheotomy, at 60 breaths per min using a small-animal ventilator (Harvard Apparatus Ltd, Ednebridge, Kent, UK) with an O 2 /air mixture. The vagus nerves were isolated and cut and the blood vessels leading to and from the rib cage were ligated and dissected. The rabbit was killed with an overdose of Sagital (60 mg i.v.) together with 500 U heparin i.v. The anterior portion of the rib cage was removed and the descending aorta cannulated. The preparation extending from the neck to thorax was dissected as described before [9] . All procedures were undertaken in accordance with the Animals (Scientific Procedures) Act 1986 in the UK and the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Langendorff perfusion
The preparation was perfused via the aortic cannula in the modified Langendorff mode with Tyrode's solution of the following composition (mM): Na138, K4.0, Ca1.8, Mg1.0, HCO 3 24.0, H 2 PO 4 0.4, Cl121, glucose11. The pH of the solution was maintained at 7.4 by continuously bubbling with 95%O 2 /5%CO 2 and temperature maintained at 37°C. A perfusion rate of 100 ml min − 1 was maintained using a Gilson Minipuls 3 peristaltic pump (Gilson Inc., Ohio, USA). Thebesian venous effluent was drained via a catheter placed at the left ventricular apex. Left ventricular pressure was monitored with a fluid-filled latex balloon connected to a pressure transducer (MTL0380, ADInstruments Ltd, Chalgrove, UK) with balloon volume adjusted to give zero end-diastolic pressure. Perfusion pressure was monitored with a second pressure transducer in series with the aortic cannula. A pair of platinum electrodes (Grass Instruments, Astro-Medical Inc., Slough, UK) was inserted into the right atrial appendage for recording atrial electrograms from which instantaneous intrinsic heart rate was derived.
Autonomic nerve stimulation
Each of the 2 vagus nerves was supported on separate custom-made bipolar silver electrodes (Advent Research Materials, UK: 0.5 mm diameter) for individual vagus nerve stimulation (VS). For sympathetic stimulation (SS), a quadripolar catheter (Biosense Webster Inc., Diamond Bar, USA, 2 mm electrode, 10 mm spacing) was inserted into the spinal canal at the 12th thoracic vertebra. The tip of the catheter was advanced to the level of the 2nd thoracic vertebra for stimulation of both sides of the cardiac sympathetic outflow, with the tip of the electrode acting as cathode and the remaining 3 electrodes acting as anodes. The sympathetic and vagal stimulation electrodes were connected to constant voltage square pulse stimulators (SD9, Grass Instruments, Astro-Med Inc., Slough, UK) which allowed stimulation over a range of frequencies (1 to 20 Hz) and strengths (1 to 20 V) at 2 ms pulse width.
The stimulation strength for both nerves, at a frequency of 5 Hz, that produced a heart rate 80% of the maximal response was used throughout the study. We then selected a frequency at this stimulus strength that would produce a steady state heart rate just less than 200 beats min − 1 with SS and a heart rate just less than 100 beats min − 1 with VS. This frequency for SS was chosen so heart rate did not override the cycle length (CL) used in the pacing protocols. The frequency for VS was chosen to ensure sinus rhythm was maintained during vagal stimulation i.e. no atrioventricular block or asystole [9] . We have shown previously that stimulation of the right vagus nerve produced a slower heart rate when compared with the left whilst the reverse was true in their effects on atrioventricular conduction [9] . However, in a previous preliminary study, we found no significant difference between right and left VS on ventricular electrophysiology [10] . Data presented in the current study on VS are with left vagus nerve alone. In the 11 hearts, SS was carried out at 5.1 ± 0.9 Hz which increased heart rate from a baseline of 145.2 ± 7.0 to 193.3 ± 2.0 bpm. Left VS was carried out at 7.9 ± 0.4 Hz which decreased heart rate from 144.0 ± 7.0 to 85.5 ± 5.3 bpm.
The vagus nerves had intermittently applied Tyrode's solution to maintain viability whilst perfusion of the preparation via the descending aorta ensured adequate perfusion of the sympathetic chain via spinal arteries. Viability of both SS and VS was confirmed by the presence of similar magnitude of heart rate responses toward the end of the protocols studied. Stable nerve stimulation effects were ascertained by the online monitoring of maintained heart rate response between pacing protocols and during the 5-second gap periods during VF threshold testing (see later).
Cardiac electrical recording and pacing
A custom-made suction electrode was used to record monophasic action potentials (MAP) from the epicardial surface of the left ventricular free wall using a DC-coupled high input impedance differential amplifier. A bipolar electrode was inserted into the right ventricular apex for pacing at twice the diastolic threshold with a constant current stimulator (DS7A, Digitimer, Welwyn Garden City, UK).
Electrical restitution
Standard restitution of MAP duration was obtained with right ventricular pacing using a 20-beat drive train (S 1 , 300 ms CL) followed by an extrastimulus (S 2 ) (Fig. 1A , upper panel) and repeated with progressively shorter S 1 -S 2 intervals [by 10 ms from 300 ms to 200 ms and by 5 ms from 200 ms to ventricular effective refractory period (ERP)]. ERP was defined as the longest coupling interval that failed to capture the ventricles. Timings of the beginning of the S 1 -and S 2 -MAP signals were noted and the delays from the pacing stimuli measured. MAP duration was measured, using a custom written program (Francis Burton, Glasgow University, UK) [11] , from the beginning of the signal to 90% repolarisation (MAPD 90 ) with the amplitude of the signal measured from the peak of the dome to the isoelectric line. Restitution was examined by analysis of the relationship between S 2 -MAPD 90 and preceding diastolic intervals (DI = interval between the S 1 -and S 2 -MAP signals minus S 1 -MAPD 90 ; Fig. 1A , lower panel). An exponential curve [MAPD 90 = MAPD 90max (1 − e −DI/τ )] was fitted to this data using Microcal Origin (v 6.1, Origin, San Diego, CA, US) where MAPD 90max was the maximum MAPD 90 and τ was the time constant. The maximum slope of restitution was measured by analyzing the first derivative of the fitted curve. As the restitution hypothesis suggests that wavebreaks are more likely to occur at slope of restitution curve > 1, this point was analyzed in the respective restitution curves.
Ventricular fibrillation threshold
VFT was obtained with right ventricular pacing using a train of 30 stimuli (30 ms interval) spanning the refractory period at the end of a 20 beat drive train at 300 ms (Fig.  1B) and determined by progressively increasing the pacing current in 0.5 mA steps, with 5-second rest period before the next pacing train if no VF was induced. VFT was defined as the minimum current required to produce sustained VF.
VFT was also determined during constant pacing similar to the above protocol except that the 5-second rest periods were replaced with continuous ventricular pacing at 300 ms.
Experimental protocol 1 -restitution, ERP and VFT
After an equilibration period of 30 min, standard restitution and ERP were studied in 11 experiments. VFT was then determined using the VF induction protocol. A 2 ml bolus of Tyrode's solution containing concentrated KCl (50 mM) was given via the side arm of the aortic cannula for conversion back to sinus rhythm. An equilibration period of 15 min was allowed when heart rate, ventricular pressure and ERP returned to baseline values. VFT varied less than 3% on average with repeated measurements after conversion with KCl (data not shown).
Similar measurements of electrical restitution, ERP and VF threshold were made with SS or VS separately, when the new steady state heart rate was reached during nerve stimulation. After VF induction, nerve stimulation was stopped and the hearts were cardioverted with concentrated KCl bolus. The electrical parameters were measured during both SS and VS in all hearts but in random order. VFT was also determined during constant pacing in 8 of the 11 experiments.
Experimental protocol 2 -development of APD alternans
In 5 separate experiments, the development of APD alternans was examined with MAP duration measured at 50% repolarisation (MAPD 50 ). This was chosen as it is a more reliably measured duration than, for instance 70% or 90% repolarisation at high pacing rates. Ventricular pacing was carried out with 50-beat trains and the MAPD 50 of the last 2 paced beats were measured. This was repeated with progressively shorter CL in a stepwise fashion [by 10 ms from 300 to 200 ms; by 5 ms from 200 ms]. This protocol led to the development of alternans, defined as a variation of > 5% in MAPD of sequential beats. Shorter CL caused increasing alternans and eventually VF. Peak alternans level was noted at the CL where the variation of APD between sequential beats was greatest as was the range of CL with alternans before VF (Alternans Range). Effects with SS and VS were compared with baseline.
Signal measurements and statistical analysis
All measured signals were recorded with a PowerLab 800/s system (ADInstruments Ltd, Chalgrove, UK) and digitised at 1 kHz using Chart software (ADInstruments Ltd) with the data stored and displayed on a Power Macintosh G3 personal computer (Apple).
All data are expressed as mean ± SEM. The effect of SS and VS on restitution, ERP and VFT were analysed using ANOVA. Two-tailed P-value of less than 0.05 was considered significant.
Results
Effect of sympathetic and vagal stimulation on electrical restitution of MAP duration
Ventricular pacing threshold was determined prior to each pacing protocol with and without nerve stimulation. Threshold was 0.138 ± 0.010 mA without nerve stimulation. There was no significant difference during SS (0.148 ± 0.011 mA, P > 0.05) or VS (0.150 ± 0.006 mA, P > 0.05). Fig. 2A shows the results of a typical experiment where MAPD 90 was reduced during SS when compared to baseline, but lengthened during VS, at corresponding diastolic intervals. MAPD 90max was reduced from a baseline of 144.1 ms to 129.9 ms with SS and increased to 151.9 ms with VS. It is also evident that the maximum slope of the restitution curve (dotted lines in Fig. 2A ) was made steeper with SS but less steep with VS, when compared to baseline. Fig. 2B shows the first derivative of the fitted exponential restitution curves obtained in the experiment in Fig. 2A . It shows that the maximum slope of restitution was 1.87 at baseline occurring at a diastolic interval of 15.0 ms which was achieved at ERP. The maximum slope of restitution was increased to 2.9 with SS and occurred at a diastolic interval of 16.7 ms, whilst the maximum slope of restitution was decreased to 1.24 with VS and occurred at a diastolic interval of 12.3 ms. A horizontal dotted line is plotted at a slope of 1. The slope of 1 was reached at a diastolic interval of 21.2 ms at baseline, 24.9 ms with SS and 16.1 ms with VS. The range of diastolic intervals where the restitution slope was > 1 was 6.2 ms at baseline, 8.2 ms with SS and 3.8 ms with VS.
Of the 11 hearts, MAPD 90max was 133.7 ± 2.8 ms and the maximum slope of restitution was > 1 in 9 hearts at baseline, the mean value in the 11 hearts being 1.30 ± 0.10. SS decreased MAPD 90max to 121.9 ± 3.4 ms and increased the maximum slope of restitution, that being > 1 in all hearts, with the mean value increased to 1.86 ± 0.17 (P < 0.01, compared with baseline). VS increased MAPD 90max to 141.7 ± 4.0 ms and decreased the maximum slope of restitution in all hearts with the slope being > 1 in 3 out of 11 hearts, the mean value decreased to 0.69 ± 0.10 (P < 0.001, compared with baseline). In the 9 hearts where the maximum slope of restitution was > 1 at baseline, the range of diastolic intervals with restitution slope >1 was increased from 3.7 ± 0.6 ms at baseline to 6.3 ± 0.8 ms during SS (P < 0.02). during SS and VS. ERP was decreased from 127.3 ± 2.5 ms at baseline to 111.8 ± 1.8 ms with SS (P < 0.001) and increased to 144.0 ± 2.2 ms with VS (P < 0.001). VFT was decreased from a baseline value of 4.7 ± 0.6 mA to 1.9 ± 0.5 mA with SS (P < 0.001) and increased to 8.9 ± 1.1 mA with VS (P < 0.0005). The percentage changes in these parameters are summarized in Fig. 3B .
Effect of sympathetic and vagal stimulation on VF threshold
In 8 of the 11 hearts, VFT was measured with and without nerve stimulation during intrinsic heart rate and during constant ventricular pacing at 300 ms. This was to investigate whether the heart rate effects during autonomic nerve stimulation was the reason for the observed changes in VFT. SS and VS caused significant changes on VFT during constant pacing when compared to baseline, with no significant difference in VFT during intrinsic heart rate or with constant pacing although there was a trend towards a slightly lower VFT during constant pacing with VS (Table 1) .
Correlation between autonomic modulation of restitution and VF threshold
In Fig. 4 , the maximum slope of restitution in each of the 11 hearts is plotted against the corresponding VF threshold obtained -at baseline and with SS and VS. There was a significant inverse relationship between the 2 parameters (r = − 0.63, P < 0.0001).
Effect of sympathetic and vagal stimulation on conduction time
During the extrastimulus protocol, delay from the S 2 -stimulus to the beginning of S 2 -MAP signal (S 2 -delay) increased with progressively shorter S 1 -S 2 intervals. This prolongation in S 2 -delay suggests a slowing of conduction at short coupling intervals that would be consistent with restitution of conduction velocity [7] . Fig. 5 shows the effects of sympathetic and vagus nerve stimulation on S 2 -delay over the range of S 1 -S 2 intervals in a typical experiment. For comparison, the mean S 2 -delay at S 1 -S 2 interval of 150 ms was 40.6 ± 3.4 ms without nerve stimulation -this was decreased by SS to 33.7 ± 2.9 ms (P < 0.05) and increased by VS to 46.4 ± 3.2 ms (P < 0.02). Although the exact conduction path of the paced beats were not mapped and hence conduction velocity not directly measured, these data suggested that conduction velocity was increased with SS and decreased with VS.
Effect of sympathetic and vagal stimulation on APD alternans
In an attempt to gain further insight into the effects of autonomic stimulation on ventricular electrophysiology, the development of APD alternans was studied. Table 1 Ventricular fibrillation threshold measured at baseline (BL) and during sympathetic (SS) and vagus nerve (VS) stimulation when heart rate was allowed to vary (intrinsic HR) and when hearts were ventricularly paced at 300 ms VFT (mA) P 6B. At baseline (top trace), variation in the amplitude and duration of the MAPs (alternans) appeared at 110 ms pacing CL whereas it occurred at shorter CL (100 ms) with VS (middle trace) and longer CL (120 ms) with SS (bottom trace). Averaged data for the 5 experiments are summarised in Table 2 . Alternans occurred at significantly longer CL and peak alternans level was greater with SS when compared with baseline. In all hearts, alternans level increased at progressively shorter pacing CL until VF occurred -CL at which VF occurred was not altered with SS but Alternans Range was greater than baseline. VS caused a decrease in Alternans Range, as a result of a small decrease in CL at which alternans occurred and a small increase in CL at which VF occurred. Peak alternans level was smaller with VS but this was not statistically significant.
Intrinsic
Discussion
This is the first study to demonstrate the effects of direct autonomic nerve stimulation on electrical restitution of ventricular myocardium in the isolated rabbit heart. It was shown that sympathetic stimulation steepens the slope of the standard APD restitution curve whilst vagal stimulation flattens it. Sympathetic stimulation increased the susceptibility of the heart to VF (by lowering VF threshold) whilst vagal stimulation offered a protective effect (by raising VF threshold). Autonomic modulation of standard restitution was associated with effects on VF threshold. Sympathetic stimulation caused alternans at longer pacing cycle lengths with greater degree of alternans. It also caused a wider range of cycle lengths where alternans occurred whilst vagus nerve stimulation shortened this range.
Electrical restitution and induction of VF in unstimulated hearts
According to the restitution hypothesis, if the slope of the APD restitution curve is > 1, oscillations and wavebreaks can occur which facilitate fibrillation in the myocardium. A steep curve means that small changes in diastolic interval would lead to large changes in APD and hence dynamic instability. This has been supported by mathematical studies [12, 13] and also recently described in biological studies [7, 14] . Drugs which flatten the restitution curve make VF difficult to induce and can convert VF into "stable" ventricular tachycardia [8, 15, 16] . These data support the notion that the electrical restitution property of the myocardium plays an important role in determining the susceptibility of the heart to fibrillation.
Studies in canine hearts showed slopes of > 1 in "dynamic" restitution curves obtained with rapid pacing whereas "standard" restitution studied using the extrastimulus protocol showed slopes of <1 in the same hearts [17] . This is in contrast with studies in smaller animals like rabbits [18, 19] and guinea pigs [20, 21] where dynamic restitution slopes were less than standard restitution slopes. This may be explained by differences in experimental protocols and species difference but, perhaps paradoxically, the latter studies are more in line with data obtained from human studies [22] .
In the current study, the maximum slope of restitution averaged 1.35 in the 11 hearts, being > 1 in 9, at baseline without any autonomic stimulation. VF was inducible in all hearts. The induction protocol used in this study employed constant current rapid pacing stimuli spanning most of the cardiac cycle. Control studies using this protocol demonstrated a variation of less than 6% in VF threshold determined with or without nerve stimulation ( Table 1 ). There is suggestion that different induction protocols may induce different "types" of VF [23] . The use of the identical protocol at baseline and during nerve stimulation in the current study would make it more likely that the same "type" of VF was induced throughout the experiments.
Autonomic modulation of electrical restitution, ventricular conduction and refractoriness
Effects of sympathetic and vagus nerve stimulation
Sympathetic stimulation caused a downward shift in the APD restitution curve in addition to increasing the maximum slope of the curve. This is in agreement with previous studies using adrenergic agonists in an in vivo porcine model [24] and in humans [22] . The main advantage of the current study over in vivo studies is that the effects of direct nerve stimulation were observed rather than adrenergic analogues. In addition, the confounding influence of autonomic or haemodynamic reflexes and of interaction with parasympathetic activity or circulating humoral factors seen in vivo were avoided.
The shorter APD and ERP from sympathetic stimulation shown in this study, which agrees with previous in vivo data [25] , are likely to involve the adrenergic modulation of several electrophysiological processes [26] [27] [28] . Although conduction velocity was not directly measured in the current study, data from the delay in activation time of the S 2 stimulus suggest that sympathetic stimulation increase conduction velocity [29] .
In contrast, vagus nerve stimulation caused an upward shift of the APD restitution curve and reduced the maximum slope. To our knowledge, there is no published data on the effects of vagus nerve stimulation or other modes of cholinergic activation on electrical restitution in ventricular myocardium. These changes are unlikely to represent interactions with sympathetic stimulation as there is no significant tonic background autonomic activity in the innervated isolated heart without nerve stimulation [9] . We have shown that vagal stimulation prolonged ERP in parallel with APD with, as shown in previous in vivo studies [25] . In addition, our data suggest that conduction velocity was decreased with vagal stimulation since excitability as indicated by pacing threshold did not change during vagal stimulation. 15.4 ± 3.2 32.5 ± 9.9 ⁎ 13.7 ± 2.9 CL at VF (ms) 77.0 ± 4.1 81.0 ± 6.2 81.0 ± 8.9 Alternans Range (ms) 41.0 ± 7.0 53.0 ± 6.2 ⁎ 33.0 ± 7.3 ⁎⁎⁎ n = 5; CL = cycle length, VF = ventricular fibrillation; ⁎ P < 0.05, ⁎⁎ P < 0.01, ⁎⁎⁎ P < 0.005.
Possible electrophysiological mechanisms
Shortening of APD with premature stimuli in restitution involves a number of electrophysiological mechanisms. The effects of sympathetic stimulation without any background cholinergic influence are likely to involve an increase in I Ca,L [30] . However, this increase in inward current would tend not only to lengthen APD but also prevent APD shortening with shorter diastolic intervals and hence unlikely to explain the changes in APD restitution and ERP. Incomplete recovery from inactivation of the I Ca,L with an extrastimulus at short diastolic interval would lead to an abbreviation of APD (and hence the restitution curve) [31] but this is unlikely to be an underlying mechanism as inactivation of I Ca,L is accelerated by adrenergic stimulation [32] . On the other hand, adrenergic stimulation increases outward currents including the delayed rectifier K + current (I K ), chloride current and transient outward current (I to ) [26] [27] [28] 30] . Activation of these currents by sympathetic stimulation would shorten APD and possibly increase the steepness of the restitution curve. The relative contribution of these ion currents to the steepening of restitution slope warrants further study.
Flattening of the restitution curve with vagus nerve stimulation, in the absence of adrenergic influence, demonstrated in this study for the first time, would require either an enhancement of inward currents or a reduction in outward currents. Acetylcholine (ACh) mediates most actions from vagus nerve stimulation and is a strong inhibitor of I Ca,L and contractile force in atrial cells [33] . Apart from a reduction of I Ca,L by ACh in ferret [34] there are few studies to support a direct effect on unstimulated I Ca,L in ventricular cells of most mammalian species [35] . The ACh-activated K + current, I-K . Ach , is increased with acetylcholine and vagal activity but is more abundant in atrial than ventricular cells [30] . Modulation of these currents would not explain the results in the current study as the inhibition of I Ca,L and activation of I K . Ach with vagal stimulation would both lead to opposite effects on ventricular electrical restitution. Other electrophysiological mechanisms need to be explored.
Effects of autonomic activity on ventricular fibrillation and sudden death
Abnormal cardiac autonomic control including high levels of sympathetic activity and impaired parasympathetic control are associated with cardiac dysfunction [1, 2] and adversely contributes to disease progression and mortality [36] . There is strong evidence that the relationship between impaired cardiac autonomic control and mortality is a result of an increased susceptibility to lethal ventricular arrhythmias [3] .
In vivo animal studies have shown that sympathetic stimulation via the stellate ganglia increases the vulnerability to VF of the normal heart [37] . This is in line with the findings of the current study where both ERP and VF threshold are decreased with direct sympathetic stimulation in the isolated heart. High levels of vagal activity can exert powerful anti-arrhythmic effects which can counter the effects of acute ischaemia and sympathetic activation [38] . However, Kolman et al. [39] showed that vagal stimulation alone did not affect the VF threshold but prevented the decrease in VF threshold induced by simultaneous sympathetic stimulation. The conflicting nature of some of these data may be explained by the fact that the experiments were carried out in vivo and interference from circulating catecholamines and other neurotransmitters cannot be excluded. The current study demonstrated that VF threshold and ventricular ERP were both increased with vagus nerve stimulation in the absence of concomitant background sympathetic activity.
Further to this, data in Table 1 showed that the effects during autonomic nerve stimulation were not the result of chronotropic actions because the effects of SS and VS on VFT were still evident when heart rate was controlled.
Electrical restitution, APD alternans and VF initiation: An autonomic association?
The effects of sympathetic stimulation and opposite effects of vagal stimulation on electrical restitution and susceptibility to VF demonstrated within this study show an association between the maximum slope of restitution and the corresponding VF threshold. It is tempting to suggest that the autonomic modulation of VF initiation in the isolated heart may be mediated via electrical restitution. However, we do not know if this relationship is causal or coincidental as the underlying mechanisms may be different between sympathetic and vagus nerve stimulation. A strong supporting statement of a causal relationship comes form Weiss et al. [6] who suggested that "Dynamically induced heterogeneity is another mechanism that requires no preexisting heterogeneity of any kind, just an intervention eg, very rapid pacing or a large premature stimulus to create the first wavebreak. This type of wavebreak is determined primarily by electrical restitution i.e. dependence of APD and conduction velocity on the preceding DI".
Effects of direct sympathetic and vagus nerve stimulation on APD alternans
The lack of change of pacing threshold with sympathetic or vagal stimulation suggests that there was no major contribution from changes in excitability of ventricular myocytes. Our data on the effects of autonomic stimulation on electrical alternans provided some support for the restitution hypothesis but raised further questions. With sympathetic stimulation, alternans occurred over a wider range beginning at longer cycle lengths, with shorter cycle lengths causing VF, characteristics that are in agreement with the restitution hypothesis. Vagal stimulation reduced the range of cycle lengths where alternans occurred, this was produced by a small decrease in the cycle length where alternans occurred and a small increase in the cycle length where VF occurred. Hence, the effects are less than straightforward and cannot be directly related to the effects on the slope of the restitution curve.
APD alternans has been shown to be a key precursor to many serious arrhythmias. The cellular mechanisms underlying alternans are complex, with Ca 2+ homeostasis being implicated together with changes in transmembrane ion channel activities [18, 20, 40] . This is further complicated by the effects of wavefronts and anisotropy on the interaction between APD and Ca 2+ transient duration (concordance vs. discordance) [41] . Whilst the link between slope of the APD restitution curve and APD alternans had been well demonstrated mathematically [13] , biological data that support this direct relationship are less well characterized [42, 43] . Although it is attractive to suggest that the effects of sympathetic and vagus nerve stimulation on restitution directly related to those on APD alternans, other factors not examined in this study, such as cardiac memory [44, 45] may be involved.
Limitations and implications of the study
In this study, MAPs were measured from only one epicardial site. The contribution of dispersion of repolarisation -either transmural or spatial over the epicardial surface -was not assessed. It was well demonstrated in classical experiments by Han and Moe [46] that adrenergic stimulation causes nonuniform recovery of excitability. Regional differences in electrical restitution may have an additional impact on arrhythmogenesis. The current study aimed at obtaining data on the effect of direct nerve stimulation on ventricular electrophysiology at one epicardial site to form a base from which studies on potential mechanisms and other electrophysiological effects may be developed. One such avenue of investigation is underway applying optical mapping techniques to the innervated heart preparation to study the spatial heterogeneity of electrophysiological parameters over the heart.
In the current study, data for left vagus nerve stimulation were presented although results were similar for right vagus nerve stimulation. Sympathetic outflow was stimulated bilaterally as the initial focus in developing the model centered on the cardiac effects of vagus nerve stimulation. Stimulation of either left or right stellate ganglion is possible and experiments are on-going to investigate the effects of possible regional innervation of unilateral sympathetic input to the heart [47] .
Conclusions
This study is the first to demonstrate the effects of direct autonomic nerve stimulation on APD restitution in the ventricular myocardium of the whole heart. Sympathetic stimulation shifted the restitution curve downwards and made it steeper whilst vagus nerve stimulation had opposite effects. VF threshold was decreased with sympathetic stimulation and increased with vagal stimulation and there was a significant inverse relationship between the maximum slope of restitution and VF threshold. Electrical alternans was increased with sympathetic stimulation and reduced with vagal stimulation. The interaction between APD and beat-to-beat interval, i.e. APD restitution, is likely to play an important role in the autonomic modulation of VF initiation although the effects on other parameters may be involved.
